Comprehensive genetic screening programs have led to the identification of pathogenic methyl-CpGbinding protein 2 (MECP2) mutations in up to 95% of classical Rett syndrome (RTT) patients. This high rate of mutation detection can partly be attributed to specialised techniques that have enabled the detection of large deletions in a substantial fraction of otherwise mutation-negative patients. These cases would normally be missed by the routine PCR-based screening strategies. Here, we have identified large multi-exonic deletions in 12/149 apparently mutation-negative RTT patients using multiplex ligationdependent probe amplification (MLPA). These deletions were subsequently characterised using real-time quantitative PCR (qPCR) and long-range PCR with the ultimate aim of defining the exact nucleotide positions of the breakpoints and rearrangements. We detected an apparent deletion in one further patient using MLPA; however, this finding was contradicted by subsequent qPCR and long-range PCR results. The patient group includes an affected brother and sister with a large MECP2 deletion also present in their carrier mother. The X chromosome inactivation pattern of all female patients in this study was determined, which, coupled with detailed clinical information, allowed meaningful genotype -phenotype correlations to be drawn. This study reaffirms the view that large MECP2 deletions are an important cause of both classical and atypical RTT syndrome, and cautions that apparent deletions detected using high-throughput diagnostic techniques require further characterisation.
Introduction
Rett syndrome (RTT; OMIM no. 312750) is an X-linked neurodevelopmental disorder affecting females almost exclusively. RTT affects approximately 1 in 8300 females before the age of 15 years, 1 making it one of the major causes of severe mental retardation in females. RTT is characterised by a distinctive set of clinical features, including a loss of motor skills and communicative abilities, acquired microcephaly and the development of stereotypical hand movements. 2 These features typically manifest between 6 -18 months of age after a period of apparently normal development.
RTT is caused by loss-of-function mutations in the methyl-CpG-binding protein 2 (MECP2) gene on Xq28; 3 over 99% of cases are sporadic and represent de novo mutations. 4 Familial cases, although rare, are usually explained by germline mosaicism or skewed X chromosome inactivation (XCI) in the carrier mother. The development of comprehensive diagnostic screening strategies has led to the identification of MECP2 mutations in up to 95% of classical RTT patients worldwide. 5 Many groups have reported on the MECP2 mutation spectrum observed in their respective patient cohorts. The eight most common missense and nonsense mutations, all located within exons 3 and 4, constitute approximately two-thirds of all mutations (RettBASE: http://mecp2.chw.edu.au). 6 Small deletions (20 -500 bp) in the 3 0 end of exon 4 make up approximately a further 10% of all mutated alleles.
To account for the small proportion of RTT patients in whom no pathogenic mutations were being identified, some groups postulated that a second locus was involved and searched for new candidate genes associated with RTT. 7 Other groups speculated that larger deletions might occur, but would be missed by the routine non-quantitative PCR-based screening strategies because of exclusive amplification of the normal allele. 8, 9 Accordingly, several groups have developed techniques to screen apparently mutationnegative RTT patients for the presence of large multiexonic deletions. 10 -21 These groups have detected large MECP2 deletions in 56/202 (27.7%) classical RTT patients in whom prior analysis of coding sequences revealed a seemingly wild-type result. These deletions typically affect exons 3 and 4, with many breakpoints falling within a common deletion-prone region (DPR) at the 3 0 end of exon 4. 15 Here, we use a real-time quantitative PCR (qPCR) approach to characterise large MECP2 deletions in 12/149 apparently mutation-negative RTT patients initially detected using multiplex ligation-dependent probe amplification (MLPA). These deletions were then fine-mapped to the nucleotide level using long-range PCR for six patients. The patient group includes six females with classical RTT, five females with atypical RTT and one male with a severe neonatal encephalopathy. In one additional case (Patient 13), MLPA detected a deletion, which was not confirmed by subsequent qPCR and long-range PCR results. We report here a family with an affected brother and sister, both of whom have a large B8.5 kb MECP2 double deletion, which is also present in their carrier mother. Subsequent analysis revealed that the mother has highly skewed XCI leading to preferential silencing of the mutant allele, whereas her classical RTT daughter has a random pattern of XCI. This novel family represents not only the first genetically confirmed case of familial RTT in Australia, but also the first male patient worldwide with a large deletion of the MECP2 gene.
Materials and methods
Patients and DNA samples This study involved 149 patients in whom no pathogenic mutations were identified using routine PCR-based screening of the four MECP2 exons. Of the 149 patients, 48 (including Patients 1 -12 in this study) are registered with the Australian Rett Syndrome Database (ARSD). 22 As at mid 2007, total ARSD registration includes 312 verified Australian cases, which have been well characterised clinically as classical or atypical RTT and were born in 1976 and subsequently. As has been described previously, 24 Clinical information was gathered on patients from the ARSD and through direct contact with clinicians. Where possible, patients were assigned overall clinical severity scores for the Kerr, Percy and Pineda scales, as described previously.
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Genotype -phenotype correlations were made using SPSS v 13.0 software (SPSS Inc., Chicago, IL, USA). The remaining patients had also been referred to the Department of Molecular Genetics at the Children's Hospital, Westmead, for MECP2 mutation testing, but had not been reported or did not meet the criteria for eligibility to the ARSD. The total patient group includes one male (Patient 8), who is the brother of Patient 9. DNA samples were obtained from all patients with informed consent, as well as the mother of Patients 8 and 9 (the children have different fathers, neither of whom were available for testing). DNA was extracted from peripheral blood leucocytes using the 'salting out' method 26 and diluted appropriately. Appropriate ethical approval for this study has been obtained from the Ethics Department at the Children's Hospital, Westmead.
Case report: affected RTT family Patient 9, currently aged 5 years, has classical RTT. Pregnancy and delivery were normal. Developmental delay was first noted at the age of 6 months; by 1 year of age, global developmental regression was evident. Deceleration in head growth was noticed at 1 year of age. Her head circumference is currently below the second percentile. At the most recent assessment, her weight was at the third percentile. She had lost all purposeful hand movements by the age of 18 months, and has since developed a range of stereotypical hand movements such as frequent hand wringing and chest tapping. She has experienced seizures, which are easily controlled with sodium valproate. She has never walked, never developed any meaningful speech, is wheelchair-bound and is dependent for all care. She has frequent bruxism, constipation, scoliosis and irregular breathing patterns. EEG showed intermittent asynchrony between the two hemispheres of the brain with potentially epileptogenic changes, whereas MRI was suggestive of mild generalised atrophy. She had a normal 46XX karyotype, and basic metabolic investigations of blood and urine were normal. Patient 8, currently aged 18 months, presented with a severe neonatal encephalopathy phenotype. The pregnancy was complicated by PV bleeding, which was originally assumed to have been a spontaneous abortion until pregnancy was 're-diagnosed' at 20 weeks. He was born via caesarean section at 38 weeks for a low-lying placenta. He weighed 2810 g and subsequently spent 3 weeks in a special care nursery due to poor feeding, failure to thrive and apnoea. He has had poor somatic and head growth; head circumference currently 1 cm below the second percentile; weight 1.6 kg below the third percentile and length on the third percentile. He has a scaphocephaly and myopathic-looking facies. He has a prominent rotary nystagmus, which has attenuated with age, and striking bilateral pupillary constriction (miosis). He has periodic breathing while awake and asleep. He has also developed hand mannerisms, with his fists invariably clenched and placed in his mouth or ear, but has no dystonia. He has marked central hypotonia with poor muscle bulk, early flexion contractures at the knees and brisk deep tendon reflexes and a crossed adductor response. He has no obvious visual function, speech or eye contact. MRI shows a structurally normal brain, and basic metabolic tests have all been normal. He developed generalised motor seizures at the age of 18 months. To date, he has not reached any clear developmental milestones, but his condition does not appear to be deteriorating. The mother identified attentional problems at school, but subsequently obtained a diploma in clerical skills. She has longstanding severe anxiety and depression. She also has infrequent hand tremors, but none of the criteria normally associated with RTT seen in her children.
MLPA analysis
All 149 patients who tested negative for MECP2 mutations in coding sequences were analysed using MLPA. MECP2-MLPA was performed using kit P015C (MRC-Holland, Amsterdam, The Netherlands) as described previously. 14, 27 This assay covers all four MECP2 exons and the flanking genes IRAK1, L1CAM and SYBL1.
qPCR analysis
To narrow down the deletion breakpoints in each patient, we used real-time qPCR to test the relative copy number of various strategically designed amplicons located along the MECP2 gene. Primers were designed from the genomic clone AF030876 with the help of the Primer3 program 28 (primer sequences and annealing sites available upon request). Briefly, our qPCR strategy was based on generating standard curves for each MECP2 amplicon, and also for an autosomal reference gene (GAPDH); these standard curves define the relationship between the input DNA concentration and the C t value. Copy number standards were produced by amplifying the respective fragment from genomic DNA on a PCR Express thermocycler (Hybaid, Franklin, MA, USA) using Brilliant SYBR Master Mix (Stratagene, La Jolla, CA, USA). Amplicons were gel purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) and then serially diluted based on concentration determined by spectrophotometry (Beckman Coulter, Fullerton, CA, USA). All protocols were carried out essentially in accordance with the manufacturer's instructions with some optimisation.
Real-time qPCR was performed using a Rotor-Gene 3000 A thermocycler (Corbett Research, Sydney, Australia). All reactions were conducted in triplicate, with the average of each triplicate group used for quantitative analysis. Product specificity was assessed using melt curve analysis and gel electrophoresis of qPCR products. The MECP2 amplicon of interest and the GAPDH reference amplicon were amplified separately for each patient and also for a normal female control, yielding a copy number for each. The copy number of the MECP2 amplicon was divided by the reference GAPDH amplicon to normalise for slight differences in input DNA concentrations. The normalised copy number for each patient was calibrated to the normal female control included in each run. An RTT deletionpositive female or a normal (hemizygous) male was included in each qPCR run to act as a positive control.
Long-range PCR amplification and sequencing of deletion junctions When deletion breakpoints had been narrowed down to a sufficiently small region using qPCR, primer sites in the dizygous regions immediately flanking the breakpoints were selected for long-range PCR amplification across the deletion junction. As the precise size of the junction fragment in each patient was unknown, several different PCR conditions were tested and optimised. If the expected fragment size was less than 2 kb, long-range PCR was performed using AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA); the Expand Long Template PCR System (Roche, Mannheim, Germany) was used for larger products. Both protocols were carried out in accordance with the manufacturer's instructions on a PCR Express thermocycler.
When a specific PCR product was generated, it was treated with 1 U shrimp alkaline phosphatase (Promega, Madison, WI, USA) and 5 U exonuclease I (Epicentre, Madison, WI, USA) at 371C for 30 min, followed by a deactivation step at 801C for 15 min. Sequencing was carried out on an ABI Prism 3100 Genetic Analyser using BigDye Terminator v 3.1 chemistry (Applied Biosystems). Sequences were aligned with the normal MECP2 genomic sequence (obtained from the genomic clone AF030876) to determine the exact positions of breakpoints and rearrangements; we define nucleotide 1 as the transcriptional start site of MECP2 exon 1. Sequences surrounding the deletion junctions were examined for the presence of repetitive elements and other factors that may shed light upon the mechanisms involved in mutagenesis.
X Chromosome inactivation assay
The XCI status of all 12 female patients, as well as the mother of Patients 8 and 9, was determined by investigation of the methylation status of the highly polymorphic X-linked androgen receptor (AR) locus. 29 For each subject, 500 ng of genomic DNA was digested separately with HhaI and McrBC restriction enzymes (New England Biolabs, Beverly, MA, USA) in accordance with the manufacturer's instructions. Enzyme digests were carried out in duplicate to control for incomplete digestion. A B280 bp region of the AR locus was PCR amplified from digested and undigested DNA using fluorochrome-labelled primers. Samples were electrophoresed on an ABI Prism 3100 Genetic Analyser and peak areas quantified using GeneScan v 3.7 software (Applied Biosystems). A known highly skewed RTT female and a normal male were included in the analysis to act as controls.
Results
Detection of deletions using MLPA Of the 149 patients without a detected mutation in MECP2 coding regions, MLPA detected one or more missing exonic probes in 13 patients. For some of the remaining patients, available DNA was of insufficient quality. The same missing probes from exons 3 and 4 were detected in all three available members of the affected family.
Characterisation of deletions in patients using qPCR
In all patients with suspected deletions on the basis of MLPA, qPCR analysis of the respective region yielded results compatible with a deletion, except in the case of Patient 13. In this case, qPCR analysis of the suspected region in exon 4 produced results suggestive of a normal dizygous genotype. In all other patients, the PCR-jumping strategy was successfully applied; relative ratios of 0.35 -0.73 were suggestive of a deletion, whereas ratios of 0.82 -1.28 were indicative of a normal dizygous copy number for that region. Deletion breakpoints were narrowed down to less than 1-kb regions in all cases except Patients 3 and 12. For these two patients, the upstream breakpoint was localised within intron 2, whereas the downstream breakpoints extended well into the IRAK1 locus beyond the coverage of the AF030876 genomic clone.
In each run, relative ratios suggestive of a deletion were reliably obtained for the hemizygous control (data not shown), confirming the accuracy of our qPCR assay. For Patient 8, the only male in the study, simple (nonquantitative) PCR was performed to localise the deletion breakpoints. Subsequent long-range PCR results (see below) made it unnecessary to conduct qPCR on the mother or sister of Patient 8.
Long-range PCR amplification across deletion junctions Long-range PCR across the breakpoints was used to further characterise the deletions in the 9 patients for whom the approximate positions of the upstream and downstream breakpoints were defined by qPCR. Long-range PCR approaches were successful in five cases (Patients 1, 7, 8, 10 and 11; Figure 1 ). In many cases, several different forward/reverse primer combinations were tested before success was achieved (data not shown). For Patients 2, 4, 5 and 6, multiple long-range PCR approaches were designed and tested but ultimately failed. In the case of the affected family, longrange PCR was first performed and optimised on the son (Patient 8). The same PCR assay was then used as a diagnostic tool to assess his sister (Patient 9) and mother for the presence of a familial deletion. The same junction fragment was observed in all three family members ( Figure 2 ). Long-range PCR was also attempted for Patient 13, despite the fact that qPCR analysis found no evidence of a deletion. MLPA screening suggested that this patient had a hemizygous copy number for MLPA probe 3026-L2372; this suspected deletion was detected in two independent MLPA runs. This probe is located in the DPR in the 3 0 end of exon 4, making it plausible that this patient had a small deletion affecting the MLPA probe binding site. Multiple long-range PCR approaches were implemented, in which forward and reverse primers were chosen on either side of the two neighbouring nondeleted MLPA probe-binding sites. The PCR product obtained from Patient 13 was always the same size as that observed from a normal female control. Subsequent sequencing of an approximately 2 kb fragment spanning the probe-binding site from Patient 13 revealed a wild-type sequence, with no small deletions or polymorphisms that might affect the binding of the MLPA probe in question. Based on these results, we conclude that this patient does not have a deletion, making the MLPA diagnosis a false positive.
Fine mapping of deletions and rearrangements
We succeeded in sequencing the junction fragments obtained from long-range PCR in the five patients mentioned above. The precise nucleotide positions of the breakpoints and rearrangements were identified and confirmed by both forward and reverse sequencing reactions. As most PCR products were too large to sequence using one primer on each strand, new nested sequencing primers were designed and used. The sizes of the amplified junction fragments corresponded to those expected from the sequencing results in all cases. The nature of the deletions and rearrangements in each patient are summarised in Table 1 and Figure 3. For the affected family, the 1.5 kb junction fragments were sequenced in all three family members, revealing the presence of a double deletion involving exons 3 and 4 ( Figure 4 ). The most upstream breakpoint is located in intron 2, with the most downstream breakpoint in the DPR of exon 4. The two deletions are separated by an intact 13-bp section of intron 3. The same four breakpoints were observed in all three cases. Two other patients (1 and 7) had complex insertion/deletion (indel) mutations.
Analysis of junction sequences
In the six rearranged alleles that were fine mapped to the nucleotide level, we looked for repetitive elements surrounding the deletion breakpoints and also for regions of homology between the upstream and downstream wildtype sequences. All six alleles had either the w sequence or the GCTGG pentanucleotide present in the region surrounding at least one breakpoint. In Patient 11, the upstream breakpoint is positioned within an L2 repeat element (g.61315_61538). The upstream breakpoints in Patients 1 and 7 are located 45 bp apart within the same Figure 2 Long-range PCR results for the affected family. The gel shows the B1.5 kb PCR product spanning the deletion breakpoints in all three family members. The primers used to generate this fragment are normally B10 kb apart in a wild-type allele. The mother (M) is a carrier of the B8.5 kb deletion, which she has passed on to her affected son (P8) and daughter (P9). Lane 6 (À) ¼ no template control. separated by an intact 13 bp section of intron 3 (boxed sequence). The same sequencing results were observed for his sister (Patient 9) and mother (data not shown).
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XCI results
All 13 patients were heterozygous at the AR locus and were thus informative for the assay. The results for each subject are listed in Table 1 
Discussion
In this study, we have screened a cohort of apparently mutation-negative RTT patients for large MECP2 deletions using MLPA. One or more missing exonic probes were detected in 13/149 patients; subsequent qPCR analysis has confirmed the presence of large deletions in 12 of these patients. In these patients, the deletion breakpoints were further characterised using qPCR and long-range PCR with the ultimate aim of defining the precise endpoints at the nucleotide level. The latter was achieved for 6 of these 12 patients. Previous studies have reported deletions in 71/450 (15.8%) RTT patients in whom a wild-type sequence was previously found for all exons, including both classical and atypical cases. The lower proportion in this study (8.1%; 12/149) is probably due to the inclusion of a wider spectrum of patients. Amongst our cohort of patients screened in the diagnostic laboratory, many were selected only on the basis of referral for MECP2 analysis. Hence, not all patients from this cohort have been clinically diagnosed with RTT, and re-evaluation of their clinical diagnoses is being considered. On the other hand, if we consider the proportion in those cases confirmed by the ARSD, it is considerably higher at 25% (12/48) .
Before this study, there were only five reported atypical RTT patients with large MECP2 deletions. 16, 20 This study has identified a further five atypical RTT cases with large deletions, along with a male patient with a severe neonatal encephalopathy. Our rate of detection of large deletions in classical and atypical RTT patients previously thought to be mutation negative were not significantly different, similar to previous findings. 15 These findings would support the view that the relative lack of large deletions found in atypical RTT patients could merely reflect a patient selection bias in that classic RTT patients constitute the most intensively studied group in terms of MECP2 gene analysis. 20 Our study reaffirms the view that large MECP2
deletions are an important and not infrequent cause of atypical RTT. All the deletions reported in this study involve exon 3 and/or 4, and in most cases both. This is in accordance with previous findings, although a small number of deletions have been reported affecting exons 1 and 2.
14,18,20 We have identified one additional patient with a large deletion of MECP2 exons 1 and 2 using MLPA (unpublished data), although this is a rare phenomenon in our experience. Whereas it has been suggested that this could be due to an ascertainment bias introduced by the genomic location of amplicons used, 15 this can be excluded in our case, as the MLPA assay includes amplicons covering all four MECP2 exons and also three neighbouring genes. We were unable to further characterise the deletion in this patient using our qPCR approach due to an insufficiency of DNA, hence this patient was not included in the present study.
For the five rearranged alleles which we successfully fine mapped to the nucleotide level, only one had a breakpoint in the DPR, as defined by Laccone et al. 15 One other patient had a potential breakpoint in the DPR (Patient 2). Five out of our 12 deletion patients had a breakpoint in the immediate vicinity of the DPR. Combining our findings with the three previous studies which have defined the precise endpoints of large MECP2 deletions, 13, 15, 18 12/21 (57.1%) rearranged alleles have a breakpoint in the DPR. It is quite remarkable that the breakpoints of these large multi-kilobase deletions are restricted to a common B150-bp region; interestingly, this region is also the hotspot for the smaller deletions (20 -500 bp) confined within exon 4. Several explanations have been proposed to account for the intrinsic instability of this region; these include the presence of direct and inverted repeats, 8 the abundance of polypurine residues in the antisense strand 31 and the presence of a so-called w sequence, 15 which has been found to be highly recombinogenic in the Escherichia coli genome. 32 However, the w sequence is found in an additional four locations in the AF030876 genomic clone, none of which have been reported to be recombination hotspots. It is likely that the mutagenic nature of the DPR is caused by synergistic interactions between several different recombinogenic factors. It has been proposed that large MECP2 deletions are often caused by potent mutagenic interactions between w-like sequences and Alu repeats in intron 2. 15 The rearrangements in Patients 1 and 7 in the present study lend support to this hypothesis. The upstream breakpoint in these patients is positioned within the same AluSx element in intron 2, whereas an internal element of the w sequence (GCTGG) is present near the downstream breakpoint. Interestingly, a 26 bp core Alu sequence which has been found at the breakpoints of many pathogenic human gene deletions 33 is also present at the upstream breakpoint in these two patients. These are the same two patients in whom complex indel mutations were identified, suggesting that they may be the result of Alu-mediated indel events. Interestingly, the GCTGG pentanucleotide is found in both the w sequence and in the 26 bp core Alu sequence. 15 As all of the deletions in this study affect exon 3 and/or 4, they affect crucial regions of the MeCP2 protein and can be assumed to be pathogenic. The methyl-CpG-binding domain (MBD) spans exons 3 and 4, whereas the transcription repression domain (TRD) is located within exon 4. These two functional domains are completely deleted in 10/12 patients with deletions in this study. For these patients, it is highly unlikely that the protein produced from the mutant allele (if any) would have residual function; the putative proteins would be unable to enter the nucleus, let alone bind target genes or repress transcription. It might be expected that the patients with the MBD and TRD partially or wholly intact would present with a relatively mild phenotype. However, our patients with all of exons 3 and 4 deleted did not have significantly different phenotype scores from the patients with some of this region intact. The deletion in Patient 2 leaves exon 3 intact, with the upstream breakpoint located in exon 4. Surprisingly, she has the most severe phenotype of all the patients in the group for whom clinical scores were available; she also has random XCI in blood leucocytes. In her case, however, the entire 3 0 UTR is deleted, along with the first B2 kb of the IRAK1 gene, which probably adds to the severity of her phenotype. It should be noted that she was also the eldest of the deletion patients and therefore her clinical scores are likely to be associated with some age-related changes.
In Patient 10, both the MBD and the TRD are left completely intact. The last 229 bp of exon 4 are deleted, including the stop codon, along with a further 2571 bp of the 3 0 UTR. This would, theoretically, produce a MeCP2 protein truncated after residue 409. This leads to the loss of almost half of the recently characterised WW domain. Based on functional studies conducted by others, this would lead to severely reduced, if not totally abolished, binding activity of this domain. 34 Unfortunately, total clinical severity scores were not available for this patient, although she did appear to have a relatively mild phenotype based on the limited scores that were available for individual scoring criteria. Notably, she has not experienced seizures, which is unusual amongst our group of patients. She has been diagnosed with atypical RTT. Whether large MECP2 deletions invariably result in a total loss of protein function is yet to be determined. This could be further explored through transcript analysis or, ideally, functional proteomic studies.
We have attempted to draw genotype -phenotype correlations in our large deletion patient cohort. One group has recently proposed that deletions extending into the downstream IRAK1 gene may make the phenotype more severe. 20 Three other groups have also reported such deletions, 15, 18, 21 although none of the affected patients have had additional clinical features. In our study, six patients have deletions extending into the IRAK1 gene; the average severity score for these patients was higher than in the other six patients whose deletions were located wholly within MECP2. This was observed for all three clinical scores, although the differences were not statistically significant. In Patients 2, 4, 5 and 6, the downstream breakpoints were identified in the proximal part of IRAK1, and so any disruption to IRAK1 would be minimal. In Patients 3 and 12, however, it appears that much more of the IRAK1 gene is deleted. These two patients have random XCI in blood leucocytes. Patient 12, now deceased, had a particularly severe phenotype that was not fully reflected in her clinical scores at 8 years of age. It is believed that her death at the age of 9 years was associated with complications related to her condition, although the nature of her additional clinical features is not known in detail. Patient 3 has a fairly moderate phenotype despite the involvement of the IRAK1 gene. IRAK1 is essential for the regulation of innate immunity, 35 and has been associated with atherosclerosis 36 and myocardial contractile dysfunction. 37 Due to the involvement of the IRAK1 locus in cardiac function, we suggest that patients with deletions extending into IRAK1 should be considered for clinical assessment of underlying cardiovascular abnormalities. The average deletion size in atypical RTT patients was larger than that in classical cases, but this difference was not significant. This is not surprising as atypical patients can be either more or less severely affected than classical patients; even if larger deletions did have a tendency to lead to more severe phenotypes this would not necessarily lead to either the classical or atypical phenotype predominating. There did appear to be a positive trend between deletion size and clinical severity, although no significant relationship was observed for any of the three severity scores. We acknowledge that this may well be due to poor statistical power associated with our sample size.
Archer et al 20 noted that their deletion group were indistinguishable from other mutation-positive RTT patients in terms of average clinical severity. The patients in our study had higher clinical severity scores, on average, than all the mutation-positive patients without large deletions in the ARSD. This was true for all three severity scores, although the differences were not significant at the 5% level. Whereas the numbers in this study are too small to draw definite conclusions, it seems plausible that RTT patients with large deletions are more severely affected than their mutation-positive counterparts without large deletions. It is quite likely that large multi-exonic deletions result in a greater loss of protein function than would be expected for other common types of mutations such as missense, nonsense and frameshift mutations. The only type of mutation that would conceivably be more severe than a large deletion would be a nonsense mutation that leads to premature truncation of the protein before exon 3.
In this study, we have reported a family in which multiple members harbour a large MECP2 deletion. The carrier mother has passed on the mutation to her affected son and daughter, as demonstrated by our long-range PCR results in all three family members. To our knowledge, this is the first male patient reported worldwide with a large MECP2 deletion, although recently some male subjects have been reported with duplications of the Xq28 chromosomal band. 38 -43 He is only the 16th male in which a pathogenic MECP2 mutation associated with early post-natal encephalopathy has been found. 44 As this is a severe mutation, and the possibility of mosaicism can be excluded due to the familial inheritance of the allele, this case provides strong evidence that an absence of functional MeCP2 is compatible with human life. Although this individual has a severe neonatal encephalopathy, his condition does not appear to be deteriorating at present. The finding of a mutation present in all three family members indicated that the mother either has highly skewed XCI or is a germline mosaic; one of these has been the case in other instances of familial RTT. 45 -52 We found a highly skewed pattern of XCI in the mother's blood leucocytes, whereas her daughter has random XCI. By comparing the sizes of the AR alleles in the mother and daughter, we were able to establish that the mutant allele is preferentially silenced in the mother. This family illustrates the role that XCI plays in modulating the RTT phenotype. We have noticed some evidence of a mild learning disability and fine hand tremor in the mother, although these abnormalities were only detected in retrospect after a familial mutation was identified. A family with two RTT daughters with large deletions of exons 3 and 4 has recently been reported (F Ariani et al, personal communication), but due to an absence of the mutation in either parent, it was hypothesised that one of the parents is a germline mosaic. In the past, many laboratories have overlooked large heterozygous deletions due to their reliance on PCR-based screening methods. This study, combined with the findings of previous reports, highlights the importance of screening both classical and atypical RTT patients for large MECP2 deletions. Large deletions of exon 3 and/or 4 accounted for 12/211 (5.7%) of all pathogenic mutations in the ARSD patient cohort. This makes large deletions as a group one of the most frequent MECP2 mutations in the cohort, a phenomenon also reported by Archer et al. 20 Using MLPA, we identified deletions in 13/149 apparently mutationnegative patients, although in one patient (Patient 13), subsequent qPCR and long-range PCR analysis found no evidence of a deletion. As the missing exon 4 probe was detected in two independent MLPA runs, it is likely to be a reproducible MLPA artefact. We cannot, however, rule out the possibility that this patient harbours a complex underlying mutation that destroys the MLPA probe binding site leading to exclusive amplification of the normal allele during long-range PCR. We have recently come across a similar case in which an insertion of genetic material disturbed an MLPA probe-binding site; in this latter case, however, we succeeded in amplifying a larger product from the mutant allele (unpublished data). Our results in the case of Patient 13 show that, if a similar phenomenon has occurred, the mutant allele is beyond the scope of normal PCR amplification. We are considering screening this patient with a third independent method such as Southern blotting to resolve the issue. Our findings in this patient demonstrate the need to further characterise apparent deletions detected by high-throughput diagnostic methods such as MLPA.
